The red pigment (den roten Farbstoff) originally isolated from the mycelium of a Streptomyces coelicolor strain isolated in Göttingen, Germany, was named actinorhodin (7, 8) . This compound ( Fig. 1) is a pH indicator, turning red below a pH of about 8.5 and blue above (7) . Various actinorhodin congeners (␣-, ␤-, ␥-, ␦-, ε-actinorhodin) (11) and phenocyclinone (6) were also isolated from the Göttingen strain (Fig. 1) . S. coelicolor A3(2), a strain isolated independently (14) and the subject of most genetic work, was also found to produce actinorhodin (18, 40) , but related pigments were not sought. The pH-dependent color transition of actinorhodin, exploited to isolate mutants of S. coelicolor A3(2) impaired in actinorhodin biosynthesis (35) , has been used extensively for cloning and mapping of the act gene cluster (16, 29, 30) . To detect actinorhodin, S. coelicolor A3(2) mycelium grown on complex agar media was exposed to ammonia fumes to change its color from red to blue (12, 35) . Several studies (see for example, references 2 and 25), however, also reported accumulation of blue pigment both in the mycelium and extracellularly, without alkaline treatment. This blue color was ascribed to actinorhodin, but it was questionable whether the extracellular blue pigment naturally produced by S. coelicolor A3(2) was identical to red, intracellular actinorhodin. For instance, the absorption spectra reported in the literature (1, 3, 25) for culture media at an alkaline pH differed from that of authentic actinorhodin (7) . Also, blue cultures of the S. coelicolor A3(2) derivative M145 yielded no actinorhodin (32) .
Here we show that S. coelicolor A3(2) can produce relatively large amounts of two actinorhodin-related pigments. The main intracellular pigment was identified as actinorhodin itself, but the compound responsible for the blue color of the culture medium and mycelium was found to be ␥-actinorhodin. Other actinorhodin congeners and phenocyclinone, reported as products of the Göttingen strain ( Fig. 1) , were not detected in cultures of S. coelicolor A3(2).
MATERIALS AND METHODS

Strains.
Five act ϩ S. coelicolor A3(2) derivatives were used: M145, J1501, 1190 (24), MT1109 (from C. P. Smith, University of Manchester Institute of Science and Technology, Manchester, United Kingdom), and B385 (27) . The act mutants derived from strain 1190 (Table 1) have been described previously (35) . Strains with disruptions in various act genes (MAFM0101 to MAFM0109; Table 1) were made by using C31 att mutant derivatives as vectors for specific fragments internal to the coding region of the open reading frames (ORF[s]) to be inactivated (10, 15) . The expected structures of the chromosomes of all lysogens were confirmed by Southern hybridization. The disruption fragments were as follows: for actII-ORF3, the 719-bp RsaI-SalI fragment (nucleotide 3856 to SalI site 11.8) (Fig. 1 in reference 15) ; for actII-ORF2/actII-ORF3, the 922-bp PstI-XhoI fragment (sites 11 to 11.6) (15); and for actVA-ORF1, the 615-bp HincII-PvuII fragment (nucleotides 648 to 1263) (10) .
All except the last two MAFM-strains in Table 1 were made by lysogenizing either J1501 or B385 with a phage carrying one of the above fragments, selecting for a single crossover event to integrate the prophage. Strain MAFM0101, in contrast, had a deletion of the PstI-XhoI fragment (sites 11 to 11.6) (15), engineered by cloning two separate fragments (sites 10.1 to 11 and 11.6 to 12) (15) into the phage vector, in the same orientation as in the chromosome, and screening for the results of double crossing over and loss of the prophage. Strain MAFM0109 was then made by lysogenizing strain MAFM0101 with the phage carrying the internal fragment of actVA-ORF1 described above.
Growth conditions. Spores were produced on soybean-mannitol agar medium (21), collected in 0.05 M Tris-HCl buffer with 0.001% Triton X-100 and 20% glycerol (24) , heat treated for 5 min at 55ЊC, and used to inoculate RG-2 mineral medium at an initial optical density at 430 nm (OD 430 ) of about 0.1. The flasks used contained coiled springs (24) and 20 ml of medium in 100-ml flasks or 100 ml of medium in 1-liter flasks (which gave equivalent results).
RG-2 medium had the following composition (initial pH, 7. 4 Cl, phosphate-limited medium contained 0.5 mM K 2 HPO 4 , and trace element-limited medium contained 0.5 ml of stock solution per liter.
Batch cultivation was at 30ЊC until the late exponential growth phase (about 48 h). Continued incubation allowed a study of the effects of nutrient depletion on intracellular actinorhodin production. Alternatively, cells were harvested by centrifugation at 3,500 ϫ g and resuspended at an OD 430 of 1 in 50 mM TES-KOH buffer (pH 7.0)-50 mM glucose-200 mM sucrose-80 mM KCl-4 mM MgCl 2 supplemented with the amino acids and uracil as mentioned above. Pigment production was monitored for a further 24 h; this approach was effective for intra-and extracellular ␥-actinorhodin synthesis.
Analytical methods. Glucose was measured enzymatically (Boehringer) with glucose oxidase and peroxidase, coupled to ABTS dye [2,2Ј-azinobis(3-ethylbenzthiazolinesulphonic acid]).
Phosphate was measured by using a slightly modified malachite green reagent (37): 1 volume of 3% (NH 4 ) 6 Mo 7 O 24 ⅐ 4H 2 O in a 2% aqueous solution of Triton X-100 was mixed slowly with 1 volume of 0.06% (wt/vol) malachite green in 6 N HCl. Phosphate was measured directly in the culture supernatants. Routinely, a 1-to 20-l sample was diluted with water to 1 ml (to avoid phosphate-molybdatemalachite green precipitation at high phosphate levels), malachite green reagent (0.5 ml) was added, and the A 650 was measured after 15 min.
Alkaline phosphatase was assayed in the culture medium; 50-l samples were incubated for 15 min at 37ЊC with p-nitrophenylphosphate in 0.1 M Tris-HCl buffer, pH 8.5. The A 410 was measured, and activities were calculated by using a molar extinction coefficient of 18.5 ϫ 10 Ϫ3 (5). Ammonium was measured enzymatically with glutamate dehydrogenase (4) in an assay mixture consisting of Tris-HCl, 0.1 M (pH 8.0); NADH, 0.2 mM; ADP, 0.6 mM; ␣-ketoglutarate, 10 mM; and glutamate dehydrogenase from beef liver (Boehringer), 3 to 5 U. A sample (10 to 25 l) was added to 1 ml of the assay mixture, and the A 340 was monitored until the end of the reaction.
To analyze extracellular blue pigments (␥-actinorhodin), the supernatants of cultures were acidified with 1 N HCl to pH 2 to 3 and 1/4 volume of chloroform was added. The sample was shaken vigorously and centrifuged at 3,000 ϫ g for 5 min. The chloroform phase was collected, and the A 542 in chloroform was measured. ␥-Actinorhodin concentrations were calculated by using a molar extinction coefficient of ε 542 ϭ 18,600 for the pure compound (11) . These samples were also subjected to thin-layer chromatography (TLC) analysis (see below).
To analyze intracellular blue pigments (actinorhodin), cells grown under acidifying conditions (ammonium instead of nitrate) were harvested by centrifugation (25,000 ϫ g, 10 min at 4ЊC), washed twice with 0.1 N HCl (to reduce impurities interfering with further extraction), resuspended in 1 N KOH, thoroughly mixed, and centrifuged (3,000 ϫ g, 5 min). The supernatant was collected, and the A 640 in 1 N KOH was measured. Actinorhodin concentrations were calculated by using a molar extinction coefficient of ε 640 ϭ 25,320 for the pure compound in 1 N KOH. Alternatively, actinorhodin was quantified in dioxane solution by using a molar extinction coefficient of ε 523 ϭ 4,200 (7) . For this, KOH extracts were acidified to pH 2 to 3 with 4 N HCl, allowed to stand on ice for 15 min, and centrifuged. Precipitated pigment was redissolved in dioxane and used for spectral assay and for TLC analysis.
To measure total blue pigments, cell cultures were treated with KOH (final concentration, 1 N) and centrifuged (3,000 ϫ g, 5 min) and the A 640 s of the supernatants were determined. For TLC assays, samples in KOH were treated as described above for intracellular pigments. For routine TLC assays, silica-coated glass plates (Kieselgel 60) containing a UV-fluorescent indicator (Merck, Darmstadt, Germany) were used with benzene-acetic acid (9:1) as solvent. Pigment spots were visualized under normal or UV light (the latter is more sensitive). Standard R f values for actinorhodin and ␥-actinorhodin were 0.52 and 0.28, respectively. Nuclear magnetic resonance ( 1 H; 300 MHz) data were recorded by using a Varian VXR 300 apparatus. Spectra of ␥-actinorhodin were recorded in CDC1 3 (deuterochloroform) at room temperature. Spectra of the KOH degradation product of ␥-actinorhodin (actinorhodinic acid) were recorded in C 4 D 8 O 2 (deuterodioxane).
Isolation of ␥-actinorhodin. Supernatants (1 liter) of cultures grown or preincubated at neutral pH values were acidified with HCl to pH 2 to 3. A few crystals of pepsin (Sigma) were added, and the solution was incubated at room temperature for 30 min. After centrifugation at 25,000 ϫ g for 10 min, the pellet was resuspended in methanol-chloroform (1:1) and recentrifuged. An equal volume of water was added to the supernatant, causing phase separation, and the chloroform phase was collected and dried in vacuo. The precipitate was dissolved in methanol-chloroform (1:1), cleared by centrifugation, and applied to a Sephadex LH-20 column (100 ml) previously equilibrated with methanol-water (1:1; containing 0.5% acetic acid). After initial elution of the column with the same solvent (150 ml), methanol (90% solution; containing 0.5% acetic acid) and methanol-chloroform (2:3; containing 0.5% acetic acid) were subsequently applied as eluents (150 ml of each). The last step resulted in elution of the major blue pigment fraction. After addition of water to this fraction, the chloroform phase was obtained and washed once with water, and then, 3 volumes of hexane were added to precipitate ␥-actinorhodin, which was collected by centrifugation and freeze-dried. This procedure yielded 1 to 5 mg of ␥-actinorhodin per liter of culture supernatant. Purity was confirmed by nuclear magnetic resonance.
Standards. Actinorhodin was a gift from T. J. Simpson (University of Bristol, Bristol, United Kingdom). Phenocyclinone, ε-actinorhodin, and ␥-actinorhodin were gifts from A. Zeeck (University of Göttingen, Göttingen, Germany).
RESULTS
Blue pigment synthesis under nutrient limitation. Since actinorhodin and its congeners are all blue in strongly alkaline solutions (1 N KOH or ammonia fumes), we refer to these compounds as ''blue pigments'' to avoid confusion with undecylprodigiosin, an unrelated pigment produced by S. coelicolor A3(2), which is usually called ''red pigment'' (19, 36, 38) .
Production of blue pigments takes place when cultures of S. coelicolor A3(2) enter the stationary phase (1, 13, 19, 22, 36) . By using four act ϩ S. coelicolor A3(2) derivatives, the effects of various nutrient limitations on blue pigment synthesis were investigated in detail. Although similar growth conditions were employed, strain differences occurred with respect to nutrient consumption and final pH values ( Table 2 ). The general responses can be summarized as follows: (i) depletion of glucose abolished blue pigment synthesis, and (ii) growth limitation by nitrogen (ammonium or nitrate), phosphate, or trace elements resulted in synthesis of blue pigments. Depending on medium composition, the final pHs of the cultures varied substantially; at pH 6.0 and below cultures were clearly red, and at pH 6.5 and above cultures were clearly blue. These color differences remained when culture samples were adjusted to the same pH (pH 6.5 to 7.0) and assessed immediately. The blue pigments of blue cultures accumulated both intra-and extracellularly, whereas red cultures accumulated pigments (blue when assayed in 1 N KOH) only intracellularly. The cause of the two types of pigmentation was next investigated.
Detection of actinorhodin. When strain M145 was grown under ammonium limitation, the pH of the medium had decreased to 4.8 when cells entered the production phase (Table 2). The blue pigment was all intracellular. When isolated from the cells, it showed a single red spot in TLC assay, with the same mobility as that of authentic actinorhodin. The spot turned blue on fuming with ammonia. pH titration curves of the isolated pigment showed the same changes in A 540 and A 640 as those of authentic actinorhodin (not shown). The absorption maximum was at 640 nm in 1 N KOH ( Fig. 2A) , agreeing with data for authentic actinorhodin (7, 11) . Thus, only actinorhodin was synthesized under these growth conditions. Detection of ␥-actinorhodin. When strain M145 was grown under phosphate limitation with nitrate as nitrogen source, the final pH of the culture remained about neutral (Table 2 ). Blue pigment appeared in both mycelium and culture supernatants and was blue without alkaline treatment. Alkaline phosphatase (volumetric activities, Ն20 nmol min Ϫ1 ml
Ϫ1
) appeared coincidentally with phosphate depletion and blue pigment formation, confirming that the cells faced phosphate limitation (39) .
The blue pigment was extracted from either the mycelium or the culture fluid with chloroform and purified by column chromatography. It should be noted that actinorhodin itself is insoluble in chloroform (11) and water at neutral and acidic pHs (7) . TLC analysis of the isolated pigment yielded a single blue spot (without fuming with ammonia) with the same mobility (R f , 0.28) for both intra-and extracellular pigment, clearly differing from that for authentic actinorhodin (R f , 0.52). The same material was produced by all five act ϩ strains tested (M145, J1501, MT1109, 1190, and B385). Only traces of actinorhodin were detected under these growth conditions. The major pigment was identified as ␥-actinorhodin by TLC analysis using authentic ␥-actinorhodin as standard; by its absorption spectrum in chloroform, with maximum at 542 nm and shoulder at 583 nm (11) d, 1H, H11) , and 1.6 (d, 3H, CH3). The absorption spectrum of ␥-actinorhodin at various pH values explains why cultures producing ␥-actinorhodin develop a blue color. Even at pH 7.0, ␥-actinorhodin shows a substantial absorption at 600 to 640 nm (Fig. 2B) . Hence, the blue color, whereas actinorhodin is blue only above pH 8.0 (Fig. 2A) .
Polyketide lactones are unstable at a high pH (12, 23) , degrading to a so-called acid form. Treatment with 1 N KOH (as normally used for actinorhodin isolation) caused complete degradation of ␥-actinorhodin, mainly to a single compound tentatively identified as actinorhodinic acid (Fig. 1) by comparison of 1 H NMR data with those for kalafunginic acid (23) . This product shows an absorption maximum in 1 N KOH at 645 nm (646 nm in 2 N KOH) (11) . In TLC the mobility of actinorhodinic acid was lower than that of actinorhodin or ␥-actinorhodin; it remained almost at the origin in benzeneacetic acid (9:1).
Since only about half of the blue pigment was present in the supernatant, the cells were checked for the presence of actinorhodin by extraction with 1 N KOH. Most of the material consisted of the breakdown product of ␥-actinorhodin, actinorhodinic acid; the amount of actinorhodin was negligible in these cells grown at a neutral pH. This agrees with earlier observations of McNicolas (32), although she did not refer to the presence of ␥-actinorhodin.
Effect of pH on blue pigment production. Since the pH of the culture medium seems to be a crucial factor in determining which blue pigment is produced, its effect was studied in more detail. When TES-KOH buffer was omitted from RG-2 medium, M145 cells stopped growing when the pH of the medium fell to 5.0. No nutrient limitation was apparent at this stage (Fig. 3) . The mycelium was red, and the extracted pigment was mostly actinorhodin. When this culture was transferred to TES-KOH buffer, pH 7.0, supplemented with glucose, export of soluble blue pigment occurred (Fig. 4) . After 24 h no actinorhodin remained and ␥-actinorhodin was found both extraand intracellularly.
Analysis of act mutants. Although actinorhodin and ␥-actinorhodin are very similar in structure and are therefore expected to have a common biosynthetic origin, this was verified by testing act mutants. act mutants of classes I, III, IV, VA-ORF5, and VII, defective in structural genes of the actinorhodin biosynthetic pathway (B18, B41, B17, B1, and B40; Table 1), produced no blue pigment. The actVB (B135) and actVI (B22) mutants produced small amounts of blue pigments, which were isolated by a procedure designed for purification of ␥-actinorhodin. Their absorption spectra and TLC behavior differed markedly from both those of actinorhodin and those of ␥-actinorhodin (data not shown). Thus, the act mutants were indeed unable to produce ␥-actinorhodin.
Since ␥-actinorhodin produced by act ϩ strains occurred in part extracellularly, we tested mutants with disrupted actII-ORF2, actII-ORF3, and actVA-ORF1, previously implicated (15) or suggested to be involved (10) in actinorhodin export. When grown at a neutral pH, all the strains carrying mutations in these three genes (MAFM-strains in Table 1 ) were impaired in production of ␥-actinorhodin, but other blue pigments were produced and in some cases exported (Fig. 5) . Disruption of actVA-ORF1 alone (MAFM0107 and MAFM0108) or together with disruption of actII-ORF2/3 (MAFM0109) drastically reduced the export of blue pigments (Fig. 5B) , and total production was also severely reduced (Fig. 5A) . No difference in pigment export or production was found in single actVA-ORF1 mutants in which the disrupting insert was cloned in two opposite orientations. Since actII-ORF2 and actII-ORF3 are cotranscribed from a single promoter, mutation by insertion in actII-ORF2 alone is not discussed, because of possible polar effect on actII-ORF3. Mutation in actII-ORF3 alone (MAFM0104) did not affect either export efficiency or total pigment production, whereas the double actII-ORF2/3 mutant (MAFM0101) showed no loss in the amount of pigment production but severe reduction of pigment export.
To summarize, mutations in the blue pigment export system always led to abolition of ␥-actinorhodin synthesis. However, production (intact actVA-ORF1) or export (deletion in actII-ORF3 only) of pigments could remain intact.
TLC analysis of the blue pigments exported by the mutants that did so revealed similar patterns. Instead of either actinorhodin or ␥-actinorhodin, three spots with R f values around 0.05 to 0.15 were observed. This is similar to the TLC behavior of actinorhodinic acid, suggesting a (partial) breakdown of ␥-actinorhodin. However, spectral analysis of blue pigments in the culture media of these mutants showed absorbance maxima below 640 nm in 1 N KOH (Fig. 6 ), so at least one product other than actinorhodinic acid (which shows a maximum at 645 nm) accumulated. Because of their poor solubility in organic solvents they were not purified or characterized.
DISCUSSION
Over the last few years there has been an increasing number of publications on the physiology of actinorhodin biosynthesis in S. coelicolor A3 (2) (1, 13, 19, 22, 36) . However, substantial discrepancies between these studies with respect to the assay and localization of blue pigment, which was all ascribed to actinorhodin, have been apparent. We have found that S. coelicolor A3(2) act ϩ strains produce either actinorhodin or its lactone derivative ␥-actinorhodin, depending on growth conditions. The key observation is that the final pH of the medium, rather than specific nutrient limitation, determines the end product of the act pathway. Lack of recognition of this fact and therefore an absence of pH control in most earlier experiments is probably the major cause of the variable behavior of S. coelicolor A3(2) in different media. On the basis of our results, ␥-actinorhodin must have been present in the experiments reported in several publications (1, 2, 3, 25) . Actinorhodin is also produced by Streptomyces lividans, a very close relative of S. coelicolor A3(2); this is well known to Streptomyces geneticists (for instance, see reference 25) but not clearly described in the literature. We also found ␥-actinorhodin in this strain under appropriate growth conditions (data not shown).
The differences found between actinorhodin and ␥-actinorhodin are as follows. The compounds have different absorption spectra in strongly alkaline solvents, with that of ␥-actinorhodin being redshifted with respect to that of actinorhodin. Unlike actinorhodin, ␥-actinorhodin is unstable at pH values above 10, so the absorption spectrum in alkaline solvents is due to breakdown products (mainly actinorhodinic acid). Whereas ␥-actinorhodin is soluble in chloroform or methanol, actinorhodin is insoluble, allowing their separation by TLC or chromatography on Sephadex LH-20. The locations of the two compounds in vivo are also different: actinorhodin is an intracellular product, accumulating abundantly at pH values around 5, whereas ␥-actinorhodin accumulates both intra-and extracellularly and is abundantly produced at pH values around 7.0.
Several other streptomycetes produce isochromanequinone lactones resembling ␥-actinorhodin. Streptomyces tanashiensis makes kalafungin (Fig. 1) , a shunt product of the actinorhodin biosynthetic pathway in the S. coelicolor A3(2) B135 (actVB) mutant (12) . Streptomyces rosa produces the nanaomycins, chiral isomers of actinorhodin precursors (33) . O mura et al. (34) described an enzyme, nanaomycin D reductase, which converts nanaomycin D (lactone) to A (carboxylic acid). Since neither the protein nor the corresponding gene has been sequenced, any comparison with the S. coelicolor A3(2) act genes, in particular with actII-ORF3 is not possible. Of the lactones mentioned above, only kalafungin is known to be an exported product.
Analysis of the S. coelicolor A3(2) act mutants (Table 1 ) revealed some significant facts. Disruption of actII-ORF3 did not impair total blue pigment production or export, but ␥-actinorhodin synthesis was abolished; therefore, the hypothetical dehydrogenase reaction might be catalyzed by the product of this gene, which does not resemble other dehydrogenases but shows one putative NAD binding domain (GxGxxG) (15) . actVA-ORF1 appears to be necessary for export of ␥-actinorhodin, in agreement with a preliminary suggestion based on resemblance of its predicted product to transmembrane proteins (10) . In primary sequence the actII-ORF2 product resembles tetracycline resistance proteins, and the protein hydropathy pattern of this gene product highly resembles that of actVA-ORF1 (10) . The finding that the double actII-ORF2/3 mutant is impaired in export of blue pigments while the actII-ORF3 mutant is not, shows that the actII-ORF2 gene product is indispensable for the export of pigments. The results also show that neither of the putative transmembrane proteins encoded by actVA-ORF1 and actII-ORF2 supports export alone, so they may form parts of the same export complex. This conclusion is consistent with a previous suggestion (9) .
In conclusion, our results demonstrate that when S. coelicolor A3(2) cells are grown at a neutral pH, ␥-actinorhodin is the major exported product of the actinorhodin biosynthetic pathway. Its synthesis depends on the efficient working of an export complex encoded by the actII-ORF2 and actVA-ORF1 genes but not vice versa: export of blue pigments can occur in ␥-actinorhodin-deficient mutants, as shown by the behavior of the actII-ORF3 mutant. The actII-ORF3 gene product is involved in synthesis of ␥-actinorhodin but not its export. There is clearly more work to be done to fully understand the physiology and export of products of the actinorhodin biosynthetic pathway under different growth conditions.
